Sizeable crystals of RbBe 2 ͑BO 3 ͒F 2 (RBBF) were obtained by the flux method. The crystal structure was determined by x-ray data and the space group was proven to be R32, belonging to the uniaxial class. The linear and nonlinear optical parameters, including the cutoff wavelength, refractive indices, phase-matching angles, and effective nonlinear optical coefficients were determined for the first time to our knowledge, and then the Sellmeier equations were also constructed. By using an RBBF prism coupling device (PCD), tunable fourthharmonic output from a Ti:sapphire laser and the sixth harmonic of an Nd-based laser were also obtained with relatively high power.
INTRODUCTION
With developments in semiconductor photolithography, laser micromachining, material processing, as well as super-high-resolution and angle-resolved photoemission spectrometers, the need for coherent light wavelengths below 200 nm has become increasingly urgent over the past decade. Although excimer lasers can emit certain discrete coherent wavelengths in the UV and deep UV spectral regions with high average output power, scientists in this area still need compact and efficient solid-state lasers because of their narrow bandwidth, good beam quality, tunability, and relative ease of handling. It is obvious that the best way to produce deep UV coherent light with solid-state lasers is through cascaded frequency conversion using deep UV nonlinear optical (NLO) crystals. Thus the key point in this important area is to discover suitable high-performance NLO crystals. Up to now only KBe 2 BO 3 F 2 (KBBF) has been able to meet these demands to a certain extent [1] . However, it is well known that this crystal is very difficult to grow because of its strong layer tendency; thus, there is still ample scope for developing new deep UV NLO crystals.
Based on the anionic group theory of the NLO effect in crystals [2, 3] , we know that the NLO properties, birefringence, and band gap in KBBF crystals are mainly determined by the ͑Be 2 BO 3 F 2 ͒ n→ϱ lattice structure, while the K + cation has little effect on the above parameters. As a result, it is conceivable that new deep UV NLO crystals can be discovered through the substitution of Rb + and Cs + for K + , while the basic framework of the KBBF lattice will be retained in the new crystals. With this approach and through systematical experimental investigations, two new NLO crystals, RbBe 2 ͑BO 3 ͒F 2 (RBBF) and CsBe 2 ͑BO 3 ͒F 2 (CBBF), for deep UV harmonic generation have been discovered by our group [4, 5] . However, up to now only relatively large bulk crystals of RBBF have been successfully grown, so in this paper, only the basic structure as well as the linear and nonlinear optical properties of the RBBF crystal will be discussed. Our results indicate that RBBF is an excellent deep UV NLO crystal.
EXPERIMENTAL
Polycrystalline RBBF was prepared by a normal solidstate reaction. The chemical equation is as follows: Rb 2 CO 3 + 4 BeO + 2 NH 4 H F 2 + 2H 3 BO 3 = 2RbBe 2 
The starting compounds, all analytically pure, were mixed homogeneously in stoichiometric proportions, heated gradually up to 700°C, and kept at that temperature in air for 2 -3 days. After cooling to room temperature, the solid product was then ground to powder for the preparation of crystal growth. As an important addition, all of the operations had to be performed in a ventilated system to protect the operators because of the toxicity of BeO.
A high-temperature flux method was adopted to grow the single crystal in air using a spontaneous nucleation technique. The flux and RBBF powder were mixed in the appropriate molar ratio and placed in a sealed platinum crucible to prevent the raw materials from volatilizing when heated in a furnace to 850°C for 2 days to ensure complete dissolution of the solute. Afterwards, the temperature was lowered to the saturation temperature and kept constant for ϳ20 h to form the initial spontaneous nucleation seed crystals, then reduced at a rate of 0.5 ϳ 2°C/day to maintain growth. After the required crystal size was reached, the temperature was reduced to room temperature within three days. The crystal was obtained after the residues in the crucible were dissolved by dilute acid.
A Bruker P4 single-crystal diffractometer with monochromatic Mo K␣ radiation ͑ = 0.71073 Å͒ was used to determine the structure of the RBBF crystal. The measurement was made at 20±1°C using a high-opticalquality RBBF crystal 0.1ϫ 0.1ϫ 0.2 mm 3 in size. The structure was then solved and refined by using fullmatrix least-squares refinement on F 2 with Shelxl-97 software.
The transmittance spectrum of the crystal on the UV side was performed on a spectrophotometer (VUVas2000, McPherson). The transmittance spectrum in the infrared was performed on a spectrophotometer (FTS-60V, BioRad).
The refractive indices of the crystal were determined by the minimum deviation angle technique using an RBBF right-angle prism with a precision goniometer spectrometer (SGo1.1, Veb Freiberger Prazisionsmechanik). Details of the measurement of the refractive indices can be found in [6] .
The Maker fringes technique was used to determine the d 11 coefficient. A Q-switched Nd:YAG laser (SpectraPhysics, Model Pro 230) at 1064.2 nm with a pulse width of 10 ns and 10 Hz repetition rate was used as the fundamental light source. The second-harmonic signal from the sample crystals was selectively detected by a photomultiplier tube (Hamamatsu, Model R105) and averaged by a fast-gated integrator and boxcar averager (Stanford Research Systems), then recorded.
CRYSTAL GROWTH AND STRUCTURE
In 1975, Baydina [7] first synthesized the compound, and then recently MCMillen et al. [8] succeeded in growing crystals of mm size using the hydrothermal method. However, so far no optical properties of the crystal have been reported.
Experimentally, RBBF crystals can now be grown by both flux and hydrothermal methods. However, the first sizeable crystal was grown in our group by the former method, which is convenient because the crystal decomposes above 900°C before melting at about 1007°C. Figure 1 shows a picture of an as-grown RBBF single crystal of high quality that has a large transparent area greater than 40ϫ 40 mm 2 and a thickness of 1.2 mm. Its synthesis and growth are described in the experimental section.
Baydina et al. [7] originally reported the structure of RBBF as being in the C2 space group. After obtaining the single crystal we redetermined the structure on the basis of the x-ray data. Similar to KBBF [9] , the space group of RBBF proved to be R32 [point group D3(32)], belonging to the uniaxial class, with lattice constants a = b = 4.4341͑9͒ Å and c = 19.758͑5͒ Å (see Table 1 ). The space group has been further confirmed by observations of the interference pattern, which shows explicitly uniaxial characteristics (Fig. 2) .
The a Space group, R32 ͑trigonal system, D 3 ͒; cell parameters, a=b=4.4341͑9͒ Å, c = 19.758͑5͒ Å, z = 3; index ranges, −7 Ͻ h Ͻ 7, −7 Ͻ k Ͻ 7, −31Ͻ l Ͻ 31; range of , 3.09°Ͻ Ͻ 34.99°; no. of observations of peaks with intensities I Ͼ 2, 323; R indices, R 1 = 0.0293, wR 2 = 0.0735; largest peak in final difference map, 1.598 e.A −3 .
b U͑eq͒ is defined as one third of the trace of the orthogonalized U ij tensor. groups in the structure are uniform and equal to 1.37 Å, and the O-B-O bond angle is exactly 120°. The Be-O and Be-F bond lengths are 1.64 and 1.52 Å, respectively. The B and O atoms are located in the same plane perpendicular to the c axis, while the Be atoms with Be-F bonds parallel to the c axis are alternately above and below the plane at a distance of 0.566 Å. Each ͑BO 3 ͒ 3− group joins two other adjacent ͑BeO 3 F͒ 5− groups in the same direction to form an infinite lattice sheet of ͑Be 2 BO 3 F 2 ͒ ϱ along the a-b plane, which is the same as the framework of KBBF. The distance between neighboring layers is up to 6.59 Å, but there are only weak Rb-F interactions to bind them. Therefore, the structure exhibits a layering tendency along the c axis, which makes it difficult to grow thick crystals there. The structure of RBBF is depicted in Fig. 3 .
The hardness of RBBF is 2.9 on the standard Mohs hardness scale, which is much softer than BBO ͑ϳ4.0͒ and LBO ͑ϳ6.0͒ but harder than KBBF ͑ϳ2.6͒. The RBBF crystal is highly stable in air and even in hot water at 100°C or in acids such as HNO 3 and HCl.
LINEAR OPTICAL PROPERTIES
As shown in Fig. 4 , the cutoff wavelength of the crystal on the UV side is located at 160 nm. The transmittance spectrum in the infrared regions is shown in Fig. 5 , where we can see that the cutoff wavelength is 3550 nm.
By using a right-angle prism with an apex angle of 30.14°made from a 2.2 mm thick RBBF crystal, nine refractive indices have been measured in the visible region. The data are listed in Table 2 . However, these refractive indices are by no means enough to fit the Sellmeier equations of the crystal, because RBBF possesses a wide phase-matching wavelength range in the UV region. It is therefore necessary to use phase-matching angles, in the UV spectral region particularly, combined with refractive index data to fit the Sellmeier equations. Table 3 lists the type I phase-matching angles of the crystal in the wavelength range from deep UV to near infrared. From these data, the Sellmeier equations can be obtained by fitting the refractive indices and type I second-harmonic generation (SHG) phase-matching angles listed in Tables 2 and 3 By using these Sellmeier equations, we can calculate the refractive indices of RBBF crystals within an accuracy of four significant figures. Figure 6 and Table 2 show the measured and calculated refractive indices. It can be seen that the theoretical values agree well with the experimental data. The measured and calculated phasematching angles are also shown in Fig. 7 and Table 3 , which indicate that it is possible to achieve SHG phasematching down to 170 nm. Thus RBBF has a wide phasematching range, particularly in the deep UV range.
NONLINEAR OPTICAL PROPERTIES
Similar to KBBF in the space group R32, RBBF also has only two nonzero d ij coefficients, i.e., d 11 and d 14 . The matrix form of the coefficients can be written as follows: We can see that the d 14 coefficient does not contribute to the d eff coefficients; thus, it is only d 11 that needs to be determined. This has been precisely measured by the Maker fringes technique with a 10ϫ 10ϫ 1.0 mm 3 c-cut crystal plate (the arrangement of the axes is shown in Fig. 8 ). Figure 9 shows the Maker fringes, where the dashed curves represent the theoretical fringes and envelope based on the refractive indices calculated from the Sellmeier equations [Eq. (1)]. Figure 9 shows clearly that the theoretical Maker fringes coincide with the experimental curve very well. Through comparison between the fringe envelope of the d 11 coefficient of RBBF and that for the d 36 coefficient of KDP as a reference, for the former we can deduce exactly that d 11 = ͑0.45± 0.01͒ pm/ V (if d 36 ͑KDP͒ = 0.39 pm/ V is adopted), which is comparable to that of KBBF [10] .
As with KBBF [11] , the as-grown RBBF is still too thin to be cut along the phase-matching direction for producing deep UV harmonic generation below 200 nm. To solve this problem, we also adopt the special prism coupling device RBBF-PCD [12] . Figure 10 shows this sandwich structure in which the interfaces between the fused silica (or calcium fluoride crystal) and RBBF are totally optically contacted. Using this RBBF-PCD device, tunable fourth-harmonic generation of Ti:sapphire lasers has been successfully realized. In the experiment, a femtosecond Ti:sapphire laser (Chameleon-ultra II, Physicalspectral, 150 fs, 80 MHz) is used for the fundamental wavelengths. One BBO crystal produces the SHG of the tunable fundamental wavelengths from 930 to 720 nm. Then, an RBBF-PCD with crystal dimensions of 20ϫ 6 ϫ 0.95 mm 3 is used to produce fourth-harmonic generation over the entire SHG wavelength range. Figure 11 shows the tunable fourth-and second-harmonic power output curves as a function of fundamental wavelengths. Within the tunable deep UV range, the maximum power output is 44.1 mW at 202.5 nm when the relative SHG power at 405 nm is 2.08 W. From 185 to 200 nm, the power output can be maintained at over 12 mW. Therefore, in addition to KBBF, RBBF is currently another NLO crystal that can produce deep UV harmonic generation below 200 nm through a simple SHG method.
The sixth harmonic of an Nd-based laser can also be produced using an RBBF-PCD device. For example, with a nanosecond, 10 kHz, 355 nm laser, a maximum output power of 10.8 mw at 177.3 nm has been obtained recently using an RBBF-PCD device composed of fused silica and CaF 2 prisms cut both at an angle of 75°and a crystal of dimensions 23ϫ 6.0ϫ 1.0 mm 3 . Figure 12 shows the output power curves at 177.3 nm as a function of the fundamental wavelength power.
CONCLUSION
In this paper we report, to our knowledge, a novel deep UV NLO crystal RBBF, which can produce harmonic generation below 200 nm through a simple SHG method. Thermal analysis indicates that RBBF is an incongruent melting compound, so the crystal can be grown by the flux method. Bulk crystal as large as 40ϫ 40ϫ 1.2 mm 3 (1.2 mm along the c axis) can now be successfully grown. The x-ray data show that RBBF has the same space structure as KBBF. The linear and nonlinear optical parameters, including the cutoff wavelength, refractive indices, phase-matching angles, and the effective NLO coefficients have been determined for the first time to our knowledge, from which the Sellmeier equations have also been constructed. By using an RBBF-PCD device, tunable fourthharmonic output from a Ti:sapphire laser and the sixth harmonic of an Nd-based laser have also been obtained with relatively high power. These data show that RBBF is an excellent deep UV NLO crystal. Further efforts to grow larger bulk crystals and obtain even higher output powers are underway. Fig. 11 . Tunable fourth-harmonic generation of a Ti:sapphire laser versus fundamental wavelength with an RBBF-PCD device. Squares, output power of SHG generated through BBO; dots, output power of fourth-harmonic generation produced by RBBF-PCD. 
